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The dicistrovirus intergenic region internal ribosome entry site
(IRES) adopts a triple-pseudoknotted RNA structure and occupies
the core ribosomal E, P, and A sites to directly recruit the ribosome
and initiate translation at a non-AUG codon. A subset of dicistrovirus IRESs directs translation in the 0 and +1 frames to produce
the viral structural proteins and a +1 overlapping open reading
frame called ORFx, respectively. Here we show that specific mutations of two unpaired adenosines located at the core of the threehelical junction of the honey bee dicistrovirus Israeli acute paralysis
virus (IAPV) IRES PKI domain can uncouple 0 and +1 frame translation, suggesting that the structure adopts distinct conformations
that contribute to 0 or +1 frame translation. Using a reconstituted
translation system, we show that ribosomes assembled on mutant
IRESs that direct exclusive 0 or +1 frame translation lack reading
frame fidelity. Finally, a nuclear magnetic resonance/small-angle X-ray
scattering hybrid approach reveals that the PKI domain of the IAPV
IRES adopts an RNA structure that resembles a complete tRNA. The
tRNA shape-mimicry enables the viral IRES to gain access to the ribosome tRNA-binding sites and form intermolecular contacts with the
ribosome that are necessary for initiating IRES translation in a specific
reading frame.
translation
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idelity of protein synthesis and the transmission of genetic
information from mRNA into a nascent protein rely on the
accurate selection and maintenance of the translational reading
frame. In canonical eukaryotic translation, after recruitment and
scanning of ribosomes on an mRNA, the translational reading
frame is initially established by methionyl-tRNAi anticodon:
codon pairing in the ribosomal P site. Although the mechanisms
that specify reading frame selection and maintenance during
translation are not completely understood, programmed recoding
mechanisms that have been identified in some viral and cellular
mRNAs have yielded significant insights into the cis-acting signals
that increase coding capacity or allow translation using alternate
reading frames (1, 2).
We recently demonstrated that a subset of viruses within the
Dicistroviridae family harbors an intergenic region internal ribosome
entry site (IGR IRES) that can direct translation in alternative
reading frames (3), providing an excellent model for studying
RNA–ribosome interactions that influence reading frame selection.
An IRES is generally a structured RNA element that can recruit
the ribosome in a 5′ end-independent manner and without the full
complement of canonical translation initiation factors (4, 5).
Among the diverse types of IRES elements found in both viral
and messenger RNAs, the IGR IRES uses the most streamlined
mechanism, dispensing the need for all canonical initiation factors
to directly recruit the ribosome and initiate translation at a nonAUG codon (6–8). The IGR IRES adopts an RNA structure comprising two independently folded domains; pseudoknots (PK) II and
III form a compact core domain that is responsible for ribosome
binding (9–12), and PKI mediates positioning of the ribosome to
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establish the translational reading frame (6, 7, 11) (Fig. 1). Structural analyses have demonstrated that the PKII/PKIII domain
forms a prefolded core, and the PKI domain adopts a conformation that resembles an anticodon:codon interaction through five
intramolecular base pairs (12–14), thereby enabling this viral RNA
to occupy the conserved core of the ribosome. The IGR IRES
functionally supplants initiation factors and acts as an all-RNA
equivalent that manipulates and hijacks the ribosome for viral
protein synthesis.
IGR IRESs are classified into two subtypes (designated type I
and type II) based on the presence of distinct structural elements,
with the primary distinguishing features being a larger loop L1.1
and an additional stem-loop (SLIII) in type II IRESs (15, 16). The
functions of these extra features are not well understood. Although
initial biochemical data and low-resolution cryo-EM reconstructions suggested an early model in which the IGR IRES PKI domain
occupies the E, P, and partially the A sites to direct translation at
the non-AUG codon in the A site (6, 14, 17–19), recent high-resolution cryo-EM structures of IRES-ribosome complexes reveal
that the PKI domain occupies the A site on initial binding to the
ribosome (20–23). Subsequent translocation into the P site by
elongation factor 2 is a prerequisite for presenting the non-AUG
initiation codon of the IRES to the incoming aminoacyl-tRNA in
the A site.
Based on phylogenetic and bioinformatic analyses, an overlapping +1 ORF (ORFx) within the viral structural protein
coding region was identified in a subset of type II dicistroviruses
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Fig. 1. Secondary structure of the IAPV IGR IRES. Pseudoknots PKI, PKII, and PKIII;
stem loops SLIII, SLIV, and SLV and loop L1.1; and the variable loop region (VLR)
are indicated. The PKI domain comprises a three-way junction involving helices
P3.1 (green), P3.2 (purple), and P3.3 (blue). The IAPV IRES can mediate translation
of ORFx in the +1 reading frame, which overlaps the viral structural protein
coding region. IRES-mediated translation in the 0 and +1 frames starts from the
GGC glycine and GCG alanine codons, respectively. Translation of the +1 frame
ORFx is directed by a U6562/G6618 base pair adjacent to PKI (red nucleotides).
Conserved nucleotides within the type II IGR IRESs are shown in capital letters.

including the honey bee viruses Israeli acute paralysis virus
(IAPV), Kashmir bee virus (KBV), and Acute bee paralysis virus
(ABPV), and fire ant virus Solenopsis invicta virus 1 (24, 25).
Through extensive mutagenesis, we demonstrated that translation
of ORFx initiates via a U:G wobble adjacent to the IRES translational start site (3); however, specific mutations within the IRES
PKI domain can relieve the dependence on the wobble base pair
and effectively uncouple the translational selectivity by the IRES to
initiate in either the 0 or +1 frame (26). These findings suggest that
the IGR IRES adopts distinct conformations that facilitate translational reading frame selection, and that specific PKI mutations
may promote a predominate conformation that directs exclusive
0 or +1 frame translation. Indeed, RNA structural probing analyses
identified subtle conformational rearrangements in support of this
notion (26). Although the functional contribution of ORFx to virus
infection remains to be fully elucidated, the discovery of an IRESdependent mechanism that effectively increases the coding capacity
of compact viral genomes is unprecedented.
Until recently, the structures of type II IGR IRESs had been
unclear. Because type I and II IGR IRESs adopt overall comparable secondary structures, they generally have been considered
functionally and mechanistically similar (27–29). Indeed, with chimeric IRESs, the ribosome-binding and PKI domains of type I and
II IRESs are functionally interchangeable (30, 31). Recent cryo-EM
structures of the Taura syndrome virus (TSV) type II IRES bound
to the ribosome confirmed that similar interactions with the ribosome are shared between type I and II IRESs (22). Interestingly, the
TSV SLIII, which is stacked coaxially on PKI, extends toward the A
site of the large ribosomal subunit (22). Disruption of SLIII base
pairing inhibits TSV IRES translation, which can be effectively restored by compensatory mutations (29). Similarly, deletion of SLIII
abrogates IRES activity and proper ribosome positioning on the
IRES, but does not affect ribosome binding (27, 31). Although such
Au et al.

findings indicate that SLIII is indispensable, its exact role in IRESmediated translation has not been unambiguously defined.
In the present study, we provide insight into the function of
SLIII of type II IAPV IGR IRES using biochemical and structural approaches. Structural studies using a nuclear magnetic
resonance (NMR)/small-angle X-ray scattering (SAXS) hybrid
approach reveal that the PKI domain resembles a complete
tRNA. Moreover, mutagenesis studies and structural probing
experiments demonstrate that specific mutations within the
SLIII element result in an uncoupling of 0 and +1 frame translation that correlate with distinct IRES conformations. These
studies provide insight into how the PKI domain of the IAPV
IRES mimics a complete tRNA to gain access to the tRNAbinding domains of the ribosome to mediate reading frame selection during IRES translation initiation.
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Results
SLIII Integrity Is Important for IRES-Mediated Translation. Previous

reports have indicated that the PKI domain of the type II IGR is
important for IRES translation (27, 29, 31); however, the function
of SLIII has not been examined in detail. We first addressed
whether distinct regions of SLIII, specifically the apical loop and
helix P3.3, are important in IRES-mediated selection of the
translational reading frame using a bicistronic reporter assay, as
described previously (3) (Fig. 2B). IRES-mediated +1 frame
translation is ∼20% of 0 frame translation in an in vitro Sf21
transcription-translation system (3). For simplicity, we have normalized all IRES translation activities to the wild type (WT) 0 and
+1 frame translational activities, set at 100%. Mutation of the
nucleotides within the apical loop yielded negligible effects in
IRES-mediated translation initiation in the 0 and +1 reading
frames, indicating that the nucleotide identities in this loop are not
essential for IRES activity (Fig. 2A, orange box). Analogous mutations introduced into the loop region of the related KBV and
ABPV IRESs yielded similar effects, which is not surprising given
that the loop sequence is not conserved across the type II IRESs.
To determine whether the integrity of helical stem P3.3 is important for IRES activity, we systematically tested base pair deletions
(Fig. 2C). Shortening the helical stem by deleting one base pair at
various positions (Fig. 2C, constructs i–iv) moderately inhibited
0 frame translation by 23–55%, but stimulated +1 frame translation
by 13–20%, compared with the WT IRES (Fig. 2D). Deletion of
ΔA6582/ΔU6593 resulted in a more drastic defect in 0 frame
translation (55% decrease), suggesting that the identity or position of
this base pair may be important for IRES translation (Fig. 2 C and
D, construct iv). Further shortening of helix P3.3 by deletion of two
base pairs (constructs v–vii) or three base pairs (constructs viii and ix)
exacerbated IRES-mediated 0 frame translation, and IRES activity
was essentially abolished for construct ix (Fig. 2 C and D). Interestingly, although a defect in 0 frame translation was observed, +1
frame translation was increased by 42–202% with these mutations,
suggesting that the integrity of helix P3.3 is important for 0 frame,
but not +1 frame, translation. These mutations resulted in the
uncoupling of 0 and +1 translation, as observed previously with other
point mutations within the PKI domain (26).
Disruption of helix P3.3 base pairing by base substitution yielded
a significant defect in 0 frame translation, with varying effects on +1
frame translation (Fig. S1, constructs i-ii, vi-vii, and ix). Restoration
of base pairing interactions through compensatory mutations was
sufficient to rescue 0 frame translation to levels comparable to or
exceeding the level in WT within some contexts, suggesting that
optimal 0 frame translation is dependent on both SLIII base pairing
and nucleotide sequence (Fig. S1, constructs iii, iv, and viii).
Surprisingly, disruption of a single base pair interaction reduced
0 frame translation to 8–25% of WT (Fig. S1, constructs v and x). In
summary, these results indicate that the integrity of P3.3 is essential
for 0 frame translation.
Ribosome Positioning Is Unaffected in SLIII Mutants. To determine
whether translational defects observed with SLIII mutants are related
to impaired ribosome positioning, we performed toeprinting assays
PNAS | Published online November 9, 2015 | E6447
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Fig. 2. Translational activities of IAPV IRES PKI mutants. (A) Summary of translational activities of WT and mutant IRESs. Translational activities are normalized to the WT IRES, which is set to 100% for both the 0 and +1 frames. For the WT IRES, the +1 frame translation is ∼20% of the 0 frame translation in
vitro. Shown are the average ± 1 SD values from at least three independent experiments. *Data from Ren et al. (26). (B) Bicistronic reporter construct. The
bicistronic reporter contains an upstream Renilla luciferase reporter (Ren Luc) and a downstream firefly luciferase reporter (FLuc), which are expressed by capdependent and IRES-dependent translation, respectively. FLuc is fused in the +1 reading frame, downstream of the ORFx coding sequence to generate a fulllength protein of 76 kDa. The 0 frame translation results in a truncated protein (sORF2) of 14 kDa. (C) Schematics of IRES mutants harboring systematic one-bp
(i–iv), two-bp (v–vii), or three-bp (viii–ix) deletions at various positions along helix P3.3 of SLIII. (D) Relative translational activities of helix P3.3 deletion
mutants, expressed as a ratio of 0 frame translation to Ren Luc expression (Top) or as a ratio of +1 frame translation to Ren Luc expression (Bottom).

using a representative subset of the helix P3.3 mutants. In the toeprinting assay, the primer extension reaction arrests on encountering
the 3′ edge of the ribosome, generating cDNA fragments (or “toeprints”) that can be resolved on a sequencing gel. Purified, saltwashed HeLa ribosomes assembled on the WT IAPV IRES resulted
in a discrete toeprint at A6628 (+14 position), as observed previously
(26), where C6615 is designated as +1 (Fig. 3A, lanes 1 and 2). This
toeprint represents a ribosome positioned at the IRES translational
start site with the PKI domain in the ribosomal A site (20, 22, 23).
The +14 A6628 toeprint was not observed for an IRES mutant deficient in ribosome positioning (ΔPKI) (Fig. 3A, lanes 3 and 4),
demonstrating that the toeprinting assay provides a specific assessment of proper ribosome positioning on the IRES (26). With the
exception of the 3-bp deletion mutant (ix), all SLIII base pair deletion
mutants yielded toeprints comparable in intensity to the WT IRES,
suggesting that the translational defects observed with these mutants
likely are related not to impaired ribosome positioning but a downstream step (Fig. 3A, lanes 5–16 and Fig. S2A). For the 3-bp deletion
mutant (ix), the approximate 60% loss in toeprint intensity suggests a
possible impairment at ribosome binding, positioning, and/or at a
downstream step, which all together manifests as the complete loss of
translational activity within the 0 frame (Fig. 3A, lanes 15 and 16 and
Fig. S2A, ix).
A6554 and A6576 Contribute to IRES-Mediated Translation and
Reading Frame Selection. The PKI domain comprises a junction

containing two unpaired adenosines (A6554 and A6576) that may
contribute to the IRES structure and function. Previously, we observed a loss in 0 frame, but not +1 frame, translation on deletion of
E6448 | www.pnas.org/cgi/doi/10.1073/pnas.1512088112

A6554 (26) (Fig. 2A, blue box). Substitution of A6554 to other bases
did not yield significant defects in either 0 or +1 frame translation,

A
T

G

C

WT ∆PKI (i)
- + - + - +

A

∆1 bp
∆2 bp
∆3 bp
(ii)
(iii)
(vii) (viii) (ix)
- + - + - + - + - + 80S

6615
+1
A6628
(+14 nts)

1

B

T

G

C

A

2

3

WT
- +

4

5

6

7

8

9 10 11 12 13 14 15 16

∆PKI A6576C A6576GA6576U ΔA6576
- + - + - + - + - + 80S

6615
+1
A6628
(+14 nts)

1

2

3

4

5

6

7

8

9

10 11 12

Fig. 3. Toeprinting/primer extension analysis. Toeprinting analysis of IAPV
IRES/ribosome complexes for helix P3.3 deletion mutations as depicted in Fig.
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hypothesize that A6554 serves a crucial role in maintaining the
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and within specific contexts (A6554C and A6554G), resulted in an
enhancement in 0 frame translation (Fig. 2A, blue box). These results
indicate that the nucleotide identity at nucleotide position 6554 is not
a determining factor in IRES-mediated reading frame selection.
We next introduced a base substitution or deletion at A6576 (Fig.
2A, green box). Base substitution at A6576 affected IRES-mediated
translation to a varying extent, with 0 frame translation of 83–115%
and +1 frame translation of 60–139% of the WT IRES. Interestingly,
deletion of A6576 severely inhibited translation in both the 0 and +1
frames (3% and 22%, respectively). Thus, the presence of nucleotides 6554 and 6576 is required for IRES-mediated translation.
We reasoned that the unpaired A’s may affect the conformation
of the SLIII/P3.3 helix relative to the P3.1/P3.2 helices. To address
this, we introduced an additional adenosine residue independently
at 6554 and 6576 and assessed translational activity (Fig. 2A,
InsA6554 and InsA6576). Insertion of an A at A6554 yielded an
inverse effect on base deletion in which 0 frame translation was
only moderately diminished (19% reduction) and +1 frame
translation was severely affected (65% reduction) (Fig. 2A, blue
box). A similar effect was observed on insertion of an additional A
at A6576, where +1 frame translation was essentially abolished and
0 frame translation was unaffected (Fig. 2A, green box). Taken
together, these results suggest that molecular interactions at the
three-way helical junction involving the adenosine bulges at 6554
and 6576 are important for reading frame selection.
To further elucidate the cause of the translational defect associated with ΔA6576, we performed a toeprinting assay for the
A6576 mutants (Fig. 3B). Consistent with the observed translational activities for the base substitution mutants, no significant changes in toeprint intensities were observed for A6576C,
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We next monitored and compared the SHAPE reactivities of
the mutant ΔA6554 IRES bound to the ribosome and the WT
IRES-ribosome complex. Notably, we observed increased NMIA
reactivities within P3.3a and the VLR in the mutant ΔA6554
IRES-ribosome complex (Fig. 4B). In general, the overall
structures of the mutant ΔA6554 IRES are similar both in solution and bound to the ribosome, consistent with previous
findings that the IRES may adopt a conformation associated
with reading frame selection before ribosome binding (26).
To determine whether the increase in SHAPE reactivities is
correlated with the loss of Watson–Crick base pairing, we performed dimethyl sulfide (DMS) probing using the WT and mutant ΔA6554 IRESs to identify unpaired A and C residues. As
expected, DMS-modified nucleotides in the WT IRES resided in
single-stranded regions, including nucleotides within the SLIII
apical loop and the VLR (Fig. 4C). Although some subtle differences were observed, there is general agreement between
SHAPE and DMS profiles for the WT IRES (Fig. 4C and Fig.
S3). Although it is commonly presumed that an increase in
SHAPE reactivity is analogous to the loss of base pairing at the
same residue, our DMS probing results argue that they might not
be directly correlated. For the mutant ΔA6554 IRES, residues
within P3.3a and P3.2 helices exhibited relatively little or no
DMS reactivity, which is the region that showed high SHAPE
reactivity (Fig. 4D and Fig. S3). Overall, although the local nucleotide flexibility may be enhanced, the Watson–Crick edges
remain inaccessible to modification, suggesting that the P3.3 and
P3.2 helices may be still intact in the ΔA6554 mutant, or that this
region adopts an alternate conformation.
Position of Translocated Ribosomes on the IAPV IRES. By monitoring
ribosome positioning on the IGR IRES, several groups have independently observed the occurrence of a +13–14 nucleotide or
+15–16 toeprint using purified ribosomes or in translation-competent extracts, suggestive of P site occupancy by the IRES PKI domain (6, 11, 18, 19). Furthermore, reconstitution of translation in
the presence of the elongation inhibitor cycloheximide results in
relative movement of the ribosome on the dicistrovirus IRES by six
nucleotides, indicating that two cycles of elongation have occurred
(6, 11, 18, 19). Cycloheximide inhibits translation by binding to the
ribosomal E site, and as such, these observations are consistent with
E6450 | www.pnas.org/cgi/doi/10.1073/pnas.1512088112
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Fig. 5. Reconstitution of IRES-mediated translation.
(Top) Bicistronic IRES RNAs were incubated with purified, salt-washed human ribosomes in the presence or
absence of yeast elongation factors, bulk aminoacyltRNAs, and the translation inhibitor cycloheximide, as
indicated. Ribosome positioning was monitored by
primer extension analysis, and the resultant cDNA
products were resolved by denaturing PAGE. Sequencing reactions are shown on the left, with the
position of the +1 nucleotide as denoted. The locations of major toeprints including A6628 (+14), A6635
(+21), and CA6638-9 (+24–25), are indicated on the
right. (Bottom) Schematics of IRES mutants with the
locations of the major toeprints shown.

a model in which the IRES initially occupies the P site to direct
translation from the A site (18, 32). In light of the recent highresolution structural data presenting evidence that initial ribosome
binding positions the PKI domain of the IRES in the ribosomal A
site, we reevaluated the initial translocation steps of ribosomes assembled on the IRES (20, 22).
We previously showed that IRES-mediated +1 frame translation
can be reconstituted using minimal factors (26). Specifically, using an
IRES mutant deficient in 0 frame translation by mutating the first
0 frame GGC glycine codon to a UAG stop codon, and restoring +1
frame translation by a U6562G substitution (Fig. 5, construct x;
U6562G/GGC6618-20UAG), we observed a +21-nucleotide toeprint in the presence of cycloheximide (7 nucleotides downstream of
the +14-nucleotide positioning toeprint), which we interpreted as a
ribosome that had undergone two translocation cycles in the +1
frame (Fig. 5, lane 5). As expected, the +21 toeprint was not observed in the absence of cycloheximide (Fig. 5, lane 6) (26).
To identify the step at which reading frame is selected, we
generated novel mutants harboring consecutive +1 frame stop
codons (Fig. 5, +1F S2 and +1F S3), which in effect circumvents
the need for cycloheximide to stall the ribosome and allow direct
monitoring of translocation events in the +1 frame. Replacing
the +1 frame second codon to a stop codon (+1F S2) allows stalling
of the ribosome after translocation when the stop codon enters
the A site. Based on the recent structures of IRES-ribosome complexes (20, 22), we expected that two consecutive translocation
events would occur in the +1 frame, allowing PKI to first transit
from the A to the P site and thus permitting delivery of the first
aminoacyl-tRNA (Arg) to the first codon, followed by a second
translocation step resulting in the stop codon in the A site. Indeed,
in the presence or absence of cycloheximide treatment, a +21nucleotide toeprint was observed, consistent with the occurrence
of two elongation cycles in the +1 reading frame (Fig. 5, lanes 8–9).
Because we did not observe a difference in the +14 toeprint on
ribosome binding to the IRES (26) (Fig. 3), the occurrence of the
+21 toeprint indicates that the reading frame is selected at a step
within the first two translocation events. To monitor a subsequent
translocation event, translocation was reconstituted using an IRES
reporter containing a +1 frame UAG as the third codon. In the
absence of cycloheximide, a novel +24–25-nucleotide toeprint was
observed, indicating that three translocation events had occurred
Au et al.
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Fig. 6. SAXS and NMR analyses of the IAPV IGR IRES PKI domain. (A and B) Secondary structures of the WT IAPV IRES PKI domain (A) and PKIΔ6604–6618 (B). (C and D)
SAXS profile (C) and pair distance distribution function plot (D) of the WT and Δ6604–6618 IAPV IRES PKI domains. (E and F) One-dimensional 1H spectrum and 2D 1H-1H
NOESY of the Δ6604–6618 (E) and WT (F) IAPV IRES PKI domains in 20 mM potassium phosphate (pH 6.3), 200 mM KCl, and 0.5 μM EDTA. (G and H) 1H and 15N imino
chemical shift assignments for Δ6604–6618 (G) and WT (H) IAPV IRES PKI domains. Assignments and connecting lines are color-coded according to secondary structure, as
in A and B. Base pairs confirmed by 2D 1H-1H NOESY are indicated in A and B by black lines or circles, and base pairs inferred by chemical shift agreement are indicated
with gray lines.

(Fig. 5, lane 12). Intriguingly, only a +21 nucleotide toeprint,
equivalent to two translocation cycles, was noted in the presence of cycloheximide (Fig. 5, lane 11).
Whereas previous interpretations of the biochemical data indicated that cycloheximide inhibits translation when a deacylated
tRNA is bound in the E site (18), given the recent structural data
indicating that cycloheximide binds to the E site, where the acceptor
end of a tRNA normally resides (32), an alternate interpretation is
that cycloheximide induces a premature block in the initial steps of
IRES translation by binding to the ribosome and inhibiting translocation with the IAPV PKI domain in the E site and the first
aminoacyl-tRNA in the P site. Thus, occupancy of the IAPV tRNAlike PKI domain in the E site can still accommodate cycloheximide
binding, leading to inhibition of ribosome translocation. In summary, the toeprinting profiles are consistent with the model in which
the IAPV PKI domain initially occupies the ribosomal A site and
subsequently translocates into the P site (20, 23).
Readout of Eukaryotic Release Factor 1-Dependent Toeprints of IRES/
Ribosome Complexes. Although ribosomes that have translocated

in the +1 frame can be detected on the IRES after two translocation events (Fig. 5), it is unclear whether reading frame selection by the IRES occurs on initial translocation of the PKI
domain from the A to the P site before aminoacyl-tRNA delivery
or specifically by delivery of the first aminoacyl-tRNA. To address this question, we used a modified reconstituted system
containing eukaryotic release factor 1 (eRF1). eRF1 functions to
stabilize posttranslocated complexes and to prevent spontaneous
back-translocation of the IRES PKI domain after a single
translocation event of PKI from the A site to the P site (19, 23).
Furthermore, the incorporation of eRF1 into our minimally
reconstituted system circumvents the need for aminoacyl-tRNAs,
allowing us to examine the initial translocation of the PKI domain from the A site to the P site. In ribosomes assembled on
mutant IRESs that contain a stop codon, eRF1 recognizes and
Au et al.

binds to stop codons in the A site in an eEF2-dependent manner,
resulting in a +4 nucleotide shift in the toeprint (19, 23).
To determine whether the +4 nucleotide eRF1 toeprint can
be recapitulated using the IAPV IRES, we used IRES constructs
harboring stop codons in the first codon of the 0 or +1 frame (WT
0FS1 or WT +1FS1, respectively) (Fig. S4). Because the eRF1
toeprint is dependent on the presence of a stop codon, the WT
IRES lacking a stop codon yielded no detectable toeprint, as
expected (Fig. S4, lane 2). Conversely, the WT 0FS1 IRES generated a robust toeprint at +4 nucleotides, similar to that observed
previously for the cricket paralysis virus IRES (19, 23) (Fig. S4, lane
4). Although the WT IAPV IRES supports +1 frame translation, no
eRF1 toeprint was observed for WT +1FS1, possibly owing to the
lower level of +1 frame expression compared with 0 frame translation or the inability of the primer extension reaction to sufficiently
capture and generate an eRF1 toeprint (Fig. S4, lane 6).
To characterize reading frame selection, we used the G6568C
mutant, which supports only 0 frame translation, and a previously characterized mutant, ΔU6569, which exhibits exclusive
+1 frame translation that is approximately threefold higher than
WT activity (26). Surprisingly, although only the G6568C mutant
exhibits exclusive 0 frame translational activity, both G6568C
and ΔU6569 yielded a +4 nucleotide toeprint when a stop codon
is present in the first 0 frame codon for both constructs (Fig. S4,
lanes 8 and 12). Furthermore, with a +1FS1 mutation, a novel +6
nucleotide toeprint was observed for both the G6568C and
ΔU6569 mutants (Fig. S4, lanes 10 and 14).
In summary, the eRF1-dependent toeprint profiles of the
mutant IRESs differ from the profile of the WT IRES, and the
type of mutation does not affect the unique toeprints observed.
These results suggest that these mutations may affect how accurately the IRES selects the translational reading frame.
Global Structure of the IAPV IGR IRES PKI Domain by SAXS Analysis.

Our data suggest that the IAPV PKI domain may be dynamic
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Fig. 7. Structural model of the IAPV PKI domain. (A) Structural ensemble of the IAPV IRES, as determined by NMR/SAXS. The structural elements are colored as in
Fig. 1. (B) Averaged structure of the IAPV PKI domain (orange) overlaid onto the structure of a Phe-tRNA (green). SLIII mimics the tRNA acceptor stem. (C) The IAPV
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domain (red) superimposed onto the structure of the CrPV IGR IRES bound in the P site of the O. cuniculus ribosome (PDB ID code 4V91) (20). (G) Zoom-in view of F.

and can adopt distinct conformations to mediate 0 and +1 frame
translation. To begin investigating this in more detail, we first
examined the structure of the IAPV IRES PKI domain (referred
to as PKI hereafter) using a 70-nucleotide construct containing
the entire base-paired region in the pseudoknot domain (Fig.
6A). The overall fold of the PKI RNA was analyzed by SAXS. To
delineate the PKI base pairing in the SAXS analysis, we compared the WT PKI RNA to a truncated RNA missing nucleotides 6604–6618 that cannot form a pseudoknot (Fig. 6 B–D and
Table S1). The P(r) plot shows a major peak at 20 Å indicative of
A-form RNA helical width, and indicates that the PKI has a
larger maximum dimension (Dmax) consistent with pseudoknot
formation (Fig. 6D). The maximum dimension and radius of
gyration (Rg) of PKI were 90 Å and 26.5 Å, respectively (Table
S1). PKIΔ6604–6618 had a 15-Å reduction in Dmax (75 Å) and an
Rg of 22.8 Å, both consistent with its expected reduction in size.
NMR Spectroscopy of IAPV PKI. The PKI secondary structure was
determined from 2D 1H-1H nuclear Overhauser effect spectroscopy (NOESY) and 1H-15N heteronuclear multiple quantum
coherence (HMQC) NMR spectra in 20 mM potassium phosphate (pH 6.3), 200 mM KCl, and 0.5 μM EDTA (Fig. 6 F and H
and Table S2). Aside from the expected loss of signals for nucleotides 6604–6618, deletion of PKI nucleotides 6604–6618 did
not significantly alter the 1H-1H NOESY and 1H-15N HMQC
spectra (Fig. 6 E and G), indicating that helices P3.1, P3.2, and
P3.3 are folded in a similar manner in PKI and PKIΔ6604–6618.
Nearly all base-paired imino resonances in PKIΔ6604–6618 (Fig.
6E) and PKI (Fig. 6F) were assigned, excluding those at helical
E6452 | www.pnas.org/cgi/doi/10.1073/pnas.1512088112

termini that rapidly exchange with solvent. Sequential nuclear
Overhauser effects (NOEs) indicate formation of helices P3.1,
P3.2, P3.3, and PKI within the PKI domain (Fig. 6F).
In addition to all expected NOEs within helix P3.3 given the
originally proposed base pairing, an unexpected cross-peak between
G6585 and U6586 was detected (Fig. 6 E and F). These imino
resonances are shifted upfield into a non-Watson–Crick region and
suggest that the GUAACA is structured, most likely in a GNRAtype fold, which is a known motif that can tolerate insertions
[consensus GNR(N)A (33)]. In helix P3.2, observation of the NOE
cross-peak between G6568-U6570 indicates that U6569 is flipped
out of the helix, allowing its neighboring base pairs to stack (Fig.
6F). This conformation is consistent with reactivity levels obtained
by SHAPE chemical probing for U6569 in the context of the PKI
structure (Fig. S3) (26). An additional resonance, tentatively
assigned to U6562, was observable in the 1H NMR spectrum (Fig.
6F) and in the 1H-15N HMQC (Fig. 6H); however, this resonance
was not visible in the NOESY spectrum, indicating that it exchanges
with water during the 100-ms mixing time. The chemical shift is
diagnostic of a U-G wobble pair (34), and the observed exchange
broadening during the NOESY mixing time is consistent with tentative assignment of this imino resonance to U6562, which may
form a U-G wobble pair with the terminal G6618. SHAPE probing
on the PKI RNA showed moderate reactivity for U6562 and G6618
(Fig. S3) (26), consistent with transient base pair formation. The
stability of this base pair in solution may affect the frequency of
translation initiation in the +1 reading frame.
Au et al.

Discussion
The L-shape conformation of tRNAs is central for interactions with
specific components of the ribosomal A, P, and E sites and, concomitantly, with the mRNA via anticodon-codon pairing to ensure
maintenance of the reading frame. Similarly, the dicistrovirus IGR
IRES adopts structural domains that occupy the ribosomal tRNAbinding sites to direct factorless translation initiation from a nonAUG start codon, thereby setting the ribosome into an elongation
mode (6, 13, 14, 17, 20, 22, 23). Anticodon-codon mimicry enables
the PKI domain to occupy the A site and subsequently the P site to
allow delivery of the first aminoacyl-tRNA to establish the reading
frame (13, 20, 22, 23). In this study, we used an NMR/SAXS hybrid
approach to obtain a structural model of the PKI domain of the
IAPV IRES, revealing complete tRNA mimicry in which the SLIII
structural element resembles the acceptor stem of a tRNA. Through
a series of biochemical and mutagenesis analyses, we also showed
that the integrity of the SLIII domain and the two unpaired adenosines at the core junction of the three helices of the PKI domain
are important for adopting the optimal RNA conformation for
IRES-mediated reading frame selection. Structural mimicry of a
natural tRNA likely allows the IRES PKI domain to recapitulate
Au et al.
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interactions with the ribosome to facilitate translation initiation and
direct reading frame selection.
In contrast to the recent cryo-EM structure of the type II TSV
IRES (22), our present model reveals that the SLIII element of
the IAPV IRES resembles the trajectory of the tRNA acceptor
stem (Fig. 7). Deviations in the SLIII orientation between our
structure and that of the TSV IRES may be explained by several
factors. First, the structure of the TSV IRES was solved bound to
the ribosome, whereas our model is of the free RNA consisting
of the IAPV PKI domain. In the cryo-EM structure (23), the
density of SLIII is weak and incomplete in this region of the map,
suggesting that SLIII may be dynamic. A possibility is that the
IAPV IRES may adopt a conformation similar to that observed
with the TSV IRES when bound in the A site and then undergoes structural rearrangements to adopt the conformation of
a complete tRNA on translocation into the P site. Our SHAPE
analysis of the WT and mutant IAPV IRESs suggests that the
PKI domain is flexible and may adopt different conformations
(Fig. 4 and Fig. S3). Second, the TSV IRES does not support +1
frame translation, and as such, might not sample the full range of
conformational states that mediate alternative reading frame
selection. Finally, the longer length of the IAPV IRES SLIII
(6 bp for the TSV IRES vs. 8 bp for the IAPV IRES) may impose
a constraint when bound to the ribosome that differs from that of
the TSV IRES SLIII. Note that the difference in SLIII length
likely is not the sole contributing factor in reading frame selection within the context of the IRES.
The overall shape of the PKI domain nearly resembles the shape
of a tRNA. The most notable difference is the shorter anticodon
stem region (P3.2) of the IAPV PKI (Fig. 7B). It is possible that on
binding to the ribosome, the P3.2 region becomes extended, thereby
filling the space of the entire anticodon stem of a tRNA in the ribosomal P and A sites; however, overlaying the IAPV PKI domain
with the CrPV IRES bound to the ribosome reveals that the acceptor stem (SLIII) of the IAPV PKI domain can fit within the
space of a tRNA within the large ribosomal subunit (Fig. 7 D–G).
tRNAs adopt a conformation that relies on a tertiary structural interaction between the D and T loops (37). Remarkably,
the IAPV IRES PKI domain, comprising only three helices that
intersect at a three-way junction, resembles a complete tRNA.
SLIII fully mimics the acceptor stem of a tRNA, and helices P3.2
and PKI are continuously stacked to resemble the anticodon
stem. At the junction, the two unpaired nucleotides, A6554 and
A6576, are likely important for mediating the overall shape of
PKI, notably the angle to which SLIII is oriented relative to the
P3.2 helix. It was previously shown that the topology of three-way
junctions, such as the angle of helices, can be classified according
to a set of rules based on the number and location of unpaired
nucleotides at the junction (38). Analysis of the IAPV PKI domain showed that the presence of A6554 and A6576 predictably
fits within the classification of three-way junctions with the P3.2
helix bent toward the coaxially stacked P3.1 helix. We speculate
that the two unpaired A’s interact with each other to facilitate
the tRNA-like conformation, although this cannot be fully substantiated by the current NMR/SAXS model of the PKI domain.
However, our data point to an important role of the unpaired A’s
in IRES-mediated reading frame selection. Mutation of A6554
or A6576 to other bases had no significant effect on 0 or +1
frame translation (Fig. 2A) (26), suggesting that the ribose or the
phosphate backbone, rather than the identities of the two bases,
may be important. It is worth noting that the two bulged nucleotides proximal to the three-way junction, although prevalent
across type II IGR IRESs, are not conserved in identity (15). As
such, the indiscriminate identity of the bases at 6554 and 6576
may suggest that various types of base interactions can sufficiently mediate the optimal tRNA-like conformation.
An emerging theme from our structural probing data suggests
that local structural rearrangements, possibly representing distinct
conformations or conformational intermediates of the IAPV IRES,
facilitate differential reading frame selection (26). For the ΔA6554
mutant IRES, which showed exclusive +1 frame translation, only
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Modeling the Structure of PKI. The global fold of the 70-nucleotide
IAPV IRES PKI domain was determined using a hybrid NMR/
SAXS approach (35) that uses residual dipolar couplings
(RDCs) and SAXS data to accurately position helices (Tables S1
and S2 and Fig. S5). Agreement between the experimental SAXS
data and the predicted scattering from the structure models was
also evaluated (Fig. S5). The resulting overall fold reveals that
PKI resembles a tRNA (Fig. 7A and Fig. S5). The PKI domain
contains three main helices that intersect at a three-way junction
that contains the two unpaired bases, A6554 and A6576. Overlaying the PKI structure with tRNAPhe shows that the P3.3
(SLIII) is analogous to the acceptor arm of a tRNA and is coaxially stacked with P3.1, which forms the elbow of a tRNA (Fig.
7B). Furthermore, P3.2 and PKI helices are coaxially stacked to
mimic the anticodon stem of a tRNA. Thus, in this view, the PKI
pseudoknot helix and loop appear to be more analogous to the
anticodon helix and loop of tRNA rather than to an anticodon–
codon interaction, the latter of which must form directly downstream of PKI. The 3′ terminal nucleotide of PKI is disordered in
the models, so the trajectory of the first codon downstream of
PKI cannot be defined from our data. The VLR is also disordered in the ensemble models and is consistent with previous
work showing that this region is dynamic (26). The IAPV PKI
can be classified as a pseudoknot of the HLIN type, consisting of
base pairing between a hairpin with a single-stranded region of a
bulge or an internal or multiple loop (36). Whereas structural
studies of the PKI domain of the type I IRES show anticodoncodon mimicry (13), the PKI domain of the IAPV IRES is the
first example to display mimicry of the entire tRNA L-shape.
We docked the IAPV PKI domain into the ribosome using the
cryo-EM models of the CrPV IRESs bound in the A and P sites of
the yeast and rabbit ribosomes, respectively (20, 23) (Fig. 7 C–G).
Specifically, we docked the anticodon region of the IAPV PKI
domain with that of the PKI domain of the CrPV IGR IRES.
Overlaying the IAPV PKI domain with the CrPV IRES in the A
site shows that the domain can be accommodated within the ribosome (Fig. 7 D and E). The posttranslocated state shows that the
IAPV PKI domain fits within the ribosomal P site normally occupied by a tRNA (Fig. 7 F and G) (23). The majority of the domain is well accommodated in the P site, but we noted a small
degree of steric clash observed for the 3′ nucleotide, which is disordered in our structural models owing to a lack of restraints for
this terminal nucleotide. In contrast to the recent cryo-EM structure of the type II TSV IGR IRES, where SLIII is stacked coaxially
on PKI (22), our model positions SLIII of the IAPV IRES along
the trajectory of the tRNA acceptor stem within the ribosomal A
site of the large subunit (Fig. 7 D and E). Overall, the structure
suggests that the tRNA-like shape of the PKI domain of the IAPV
IRES allows access to the tRNA ribosomal sites.

one strand of helix P3.3 (P3.3a) exhibited increased SHAPE reactivity, but minimal to no reactivity to DMS (Fig. 4). At first
analysis, this result may suggest that the base pairing is still intact
and that the increased SHAPE reactivities may be suggestive of
conformational dynamics of the ribose sugar puckers (39, 40). An
alternative explanation is that the ΔA6554 PKI domain adopts an
alternate misfolded conformation that is not productive in mediating 0 frame translation but still maintains +1 frame translation.
Given that the IRES is conformationally dynamic and may adopt
several conformations that are associated with 0 or +1 frame
translation (26), specific mutations may shift the equilibrium to a
conformation leading to exclusive 0 or +1 frame translation.
Thus, the increased NMIA reactivities of P3.3a within ΔA6554
may represent a conformation or a conformational intermediate
that leads to exclusive +1 frame translation. Furthermore, specific
mutations within the PKI domain may enhance the flexibility of
the three-way junction, resulting in a loss of translational fidelity
that manifests as exclusive 0 or +1 frame translation. For instance,
insertion of an extra A at 6554 or 6576 yielded a drastic defect in
+1 frame translation (Fig. 2). These effects may be reminiscent of
the suppressor mutant tRNATrp that contains the A9C mutation,
which is located distally to the anticodon and causes increased
nonsense suppression (41). The A9C mutation destabilizes packing and hydrogen bonding of a base-triple located at a helical
junction of the tRNA, enhances flexibility, and consequently facilitates the distortion of the tRNA intrinsic to the decoding
process (41). Although the A9C tRNATrp explains how increased
flexibility of the tRNA allows access to the A/T state, reading
frame selection by the IAPV IRES likely occurs from the ribosomal P site. Further investigations are needed to resolve whether
conformational dynamics of the IRES PKI domain contribute to
reading frame selection.
Our mutagenesis analyses indicate that the structural integrity
of SLIII is important for 0 frame, but not +1 frame, translation
(Fig. 2 and Fig. S1). Mimicry of the acceptor stem of a tRNA
likely enables SLIII to interact with specific components of the
ribosomal P site to direct 0 frame translation, similar to that of a
natural tRNA interacting with the ribosomal core during elongation. These results also imply that interactions of SLIII with
the ribosome are not required for, or that the loss of these interactions underlie, +1 frame translation. The P site tRNA interacts with several ribosomal proteins and both small and large
rRNAs that may contribute to reading frame maintenance (42).
One proposed model for reading frame maintenance is the
“ribosomal grip”—the interaction of the ribosome with the
peptidyl-tRNA—which prevents slippage of the reading frame
during translation (43). Consistent with this, mutations in the
C-terminal tail of rpS9, which directly contacts the peptidyl-tRNA,
induce errors in reading frame maintenance (43), suggesting that
interactions between the ribosome-bound tRNAs and specific
ribosomal compartments contribute significantly to reading
frame maintenance. Similarly, mutations in rpL5 can lead to
increased −1 and +1 frame shifting (44). Critical contacts between the tRNA-like PKI domain of the IAPV IRES and specific
ribosomal components may be essential for reading frame selection and/or maintenance during IRES-mediated translation.
The present model of the initial steps of IGR IRES translation
involves the sequential translocation of the PKI domain through
the A, P, and E sites. Initial binding of the IRES to the ribosome
places the PKI domain in the ribosomal A site (20, 22), which must
translocate to the P site to present the next codon in the A site to
the incoming aminoacyl-tRNA. The translational reading frame
selected by the IAPV IRES is ultimately dictated by the delivery
of the first aminoacyl-tRNA—the 0 frame Gly-tRNAGly or the
+1 frame Ala-tRNAAla—but reading frame selection may occur
before this when PKI is docked in the A site, on translocation
from the A to P sites, or when PKI occupies the P site. Our
previous studies and the present study have identified specific
mutants that uncouple 0 and +1 frame translation without an effect
on ribosome positioning in IRES/ribosome complexes (Fig. 3)
(26), suggesting that reading frame is established downstream of
E6454 | www.pnas.org/cgi/doi/10.1073/pnas.1512088112

PKI binding in the A site. Interestingly, our SHAPE analysis of the
WT and mutant IRESs indicates that the IRES conformations
do not change significantly on ribosome binding, supporting the idea
that the IRES may adopt distinct conformations primed to direct
translation in a specific reading frame (26). Using a modified reconstituted system containing eRF1 to trap the IRES in the posttranslocated state when PKI is in the P site (19, 23), it was surprising
that similar eRF1 toeprinting profiles were observed between mutants that exhibit 0 or +1 frame translation exclusively (Fig. S4). The
results suggest that these specific PKI mutations, possibly through
increased flexibility of the tRNA-like PKI domain or disruption of
key ribosome–IRES interactions, alter the ability of IRES to accurately discriminate and select the translational reading frame.
Although mutations within the PKI domain may cause subtle
rearrangements in the IRES conformation that favor translation
initiation within a specific reading frame, another possible model
may be that differential reading frame selection is a consequence
of altered fidelity in reading frame selection by the IRES, thus
allowing translational initiation in the +1 frame. Finally, mutations
that lead to exclusive IRES-mediated +1 frame translation may
result in conformations that occlude delivery of the 0 frame aminoacyl-tRNA to allow the incoming +1 frame aminoacyl-tRNA (26).
tRNA mimicry appears to be a common strategy to manipulate
and hijack the ribosome. tRNA-mimicry is observed in transfer
mRNA (tmRNA), which is involved in translation-coupled mRNA
surveillance pathways, specifically in no-go decay and bacterial
trans-translation (45). Similarly, tRNA-like structures have been
found in the 3′ UTRs of some plant viral RNAs (13, 46, 47). In both
cases, the tRNA-like structures can be aminoacylated, bind to ribosomes, and participate in translation. We now show that complete mimicry is important for a subset of dicistrovirus type II IRESs
to direct translation in two overlapping reading frames. Overall, we
demonstrate that tRNA shape-mimicry is a viral IRES strategy to
initiate factorless translation and is important for reading frame
selection to increase the coding capacity of a viral genome.
Materials and Methods
Reconstitution of IRES-Mediated Translation. To reconstitute translation in vitro,
IRES-ribosome complexes were assembled as described above, in the presence of
1 mM ATP, 0.4 mM GTP, and 0.5 mg/mL cycloheximide. After incubation, purified
yeast elongation factor 1A (30 ng/μL), elongation factor 2 (50 ng/μL), and bulk
bovine aminoacyl-tRNAs were added to promote translocation. Ribosome positioning was determined by reverse transcription, as described above. For reconstitution experiments using eRF1, purified, salt-washed human ribosomes
were assembled on IRES RNAs in the presence of 0.5 mM GTP, followed by the
addition of yeast elongation factor 2 (50 ng/μL) and eRF1 (50 ng/μL). Reverse
transcription was performed as described above.
NMR Data Collection. All spectra were obtained on a Bruker Avance or Varian
Inova spectrometer equipped with cryogenic single z-axis gradient HCN
probes at the National Magnetic Resonance Facility at Madison. Imino resonances were assigned using 2D NOESY with a mixing time of 100 ms and
1
H-15N 2D HMQC experiments at 10 °C. Partial alignment for RDC experiments was achieved by addition of 12.5 mg/mL Pf1 filamentous bacteriophage
(ASLA) to a 13C, 15N U- and G-labeled sample. Pf1 phage concentration was
confirmed by measuring 2H splitting at 700 MHz. Imino 1H-15N RDC measurements were obtained using 1H-15N 2D HMQC, 1H-15N 2D TROSY HSQC,
and 1H-15N 2D Semi-TROSY HSQC experiments.
SAXS Data Collection. All SAXS data were obtained at Sectors 12-ID-B and
5-ID-D of the Advanced Photon Source at Argonne National Laboratory.
Measurements were carried out in 10 mM Tris pH 6.3, 200 mM KCl, and 0.5 μM
EDTA. RNA samples were loaded into a 1-mm capillary and flowed back and
forth throughout the exposure. Twenty data collections of 0.5 s each were
averaged for each sample and buffer. The scattering intensity was obtained
by subtracting the background scattering from the sample scattering. Subtraction of wide-angle scattering (WAXS) was adjusted until the contribution from buffer scattering was negligible. The scattering intensity at q = 0
Å-1 [I(0)], as determined by Guinier analysis, was compared at four different
concentrations (0.5, 1.0, 1.5, and 2.0 mg/mL). WAXS and SAXS data were
merged using the region between q = 0.09 Å-1 and 0.17 Å-1 in PRIMUS [323].
Samples were assayed for radiation damage by denaturing 10% PAGE after
data collection. No radiation damage was detected.
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